High-altitude environments present a range of biochemical and physiological challenges for organisms through decreases in oxygen, pressure, and temperature relative to lowland habitats. Proteinlevel adaptations to hypoxic high-altitude conditions have been identified in multiple terrestrial endotherms; however, comparable adaptations in aquatic ectotherms, such as fishes, have not been as extensively characterized. In enzyme proteins, cold adaptation is attained through functional trade-offs between stability and activity, often mediated by substitutions outside the active site. Little is known whether signaling proteins [e.g., G protein-coupled receptors (GPCRs)] exhibit natural variation in response to cold temperatures. Rhodopsin (RH1), the temperature-sensitive visual pigment mediating dim-light vision, offers an opportunity to enhance our understanding of thermal adaptation in a model GPCR. Here, we investigate the evolution of rhodopsin function in an Andean mountain catfish system spanning a range of elevations. Using molecular evolutionary analyses and site-directed mutagenesis experiments, we provide evidence for cold adaptation in RH1. We find that unique amino acid substitutions occur at sites under positive selection in high-altitude catfishes, located at opposite ends of the RH1 intramolecular hydrogen-bonding network. Natural high-altitude variants introduced into these sites via mutagenesis have limited effects on spectral tuning, yet decrease the stability of dark-state and light-activated rhodopsin, accelerating the decay of ligand-bound forms. As found in cold-adapted enzymes, this phenotype likely compensates for a cold-induced decrease in kinetic rates-properties of rhodopsin that mediate rod sensitivity and visual performance. Our results support a role for natural variation in enhancing the performance of GPCRs in response to cold temperatures.
High-altitude environments present a range of biochemical and physiological challenges for organisms through decreases in oxygen, pressure, and temperature relative to lowland habitats. Proteinlevel adaptations to hypoxic high-altitude conditions have been identified in multiple terrestrial endotherms; however, comparable adaptations in aquatic ectotherms, such as fishes, have not been as extensively characterized. In enzyme proteins, cold adaptation is attained through functional trade-offs between stability and activity, often mediated by substitutions outside the active site. Little is known whether signaling proteins [e.g., G protein-coupled receptors (GPCRs)] exhibit natural variation in response to cold temperatures. Rhodopsin (RH1), the temperature-sensitive visual pigment mediating dim-light vision, offers an opportunity to enhance our understanding of thermal adaptation in a model GPCR. Here, we investigate the evolution of rhodopsin function in an Andean mountain catfish system spanning a range of elevations. Using molecular evolutionary analyses and site-directed mutagenesis experiments, we provide evidence for cold adaptation in RH1. We find that unique amino acid substitutions occur at sites under positive selection in high-altitude catfishes, located at opposite ends of the RH1 intramolecular hydrogen-bonding network. Natural high-altitude variants introduced into these sites via mutagenesis have limited effects on spectral tuning, yet decrease the stability of dark-state and light-activated rhodopsin, accelerating the decay of ligand-bound forms. As found in cold-adapted enzymes, this phenotype likely compensates for a cold-induced decrease in kinetic rates-properties of rhodopsin that mediate rod sensitivity and visual performance. Our results support a role for natural variation in enhancing the performance of GPCRs in response to cold temperatures.
visual pigment | protein evolution | G protein-coupled receptor | Andean catfishes | in vitro expression H igh-altitude environments impose a suite of biochemical and physiological constraints on organisms, such as hypoxia, low atmospheric pressure, and decreasing temperatures (1) (2) (3) . At the biochemical level, proteins adapted to such conditions are of particular interest to evolutionary biologists (1, 4) . Studies of high-altitude-adapted organisms, especially endotherms, have focused primarily on adaptation to hypoxia, including modification of proteins involved in oxygen metabolism (2, 5) , and hemoglobin structure and function (6) . In contrast, our understanding of biochemical adaptations for high altitude in ectothermic organisms, for which cold temperatures impose unique constraints (7-9), remains limited. Studies in prokaryotes have highlighted how cold adaptation in enzymes is attained by functional trade-offs between protein stability and activity (10), a trade-off also characterized in enzymes from ectothermic vertebrates, such as teleost fishes, where single mutations altering intramolecular hydrogen bonding networks (HBNs) decrease protein stability and ligand binding affinity to optimize kinetic rates for cold environments (11) . It is currently unknown if and how high-altitude conditions impose comparable temperature-related constraints on nonenzyme proteins, such as G protein-coupled receptors (GPCRs).
The dim-light visual pigment rhodopsin presents an ideal system in which to investigate adaptation in a GPCR. Rhodopsin (RH1) has been extensively characterized across vertebrates, with studies largely focused on how its spectral properties (i.e., wavelength of maximum absorbance, λ MAX ) can be linked to adaptation to various spectral environments (12, 13) . Beyond spectral tuning, recent in vitro work has also highlighted the importance of the kinetics of activation and stability of rhodopsin (14) (15) (16) , aspects of the proteins function that are considered evolutionary innovations for dim-light vision and are likely similarly critical for proper receptor functioning and organismal fitness (17) (18) (19) (20) (21) . These important functional properties are modulated by amino acid sites distributed across the protein structure (22) (23) (24) (25) ; however, several are located near conserved GPCR elements maintaining stability (26) (27) (28) , such as the intramolecular HBN (29) (30) (31) (32) . Recent evidence suggests that visual sensitivity within different habitats is likely maximized through natural variation shifting the spontaneous thermal-and light-activated decay rates of ligand-bound rhodopsin (28, 33, 34) , two distinct kinetic processes of direct relevance to rod photosensitivity (17, 20, 21) . Transgenic animal models have demonstrated that amino acid substitutions destabilizing these inactive and active-forms of rhodopsin can directly affect the dim-light sensitivity of rods (35, 36) , and are likely responsible for a reduction in rhodopsin-mediated dim-light visual performance in Significance Protein evolution in response to different environments has long been of interest to both evolutionary biologists and biochemists. High-altitude specialist catfishes in the Andes mountains offer an opportunity to examine the molecular adaptations accompanying adaptation to cold environments. Rhodopsins and other visual pigments form the first step in vision and have long been a model system for studying the molecular basis of sensory adaptations; however, many of these studies have focused solely on spectral shifts. Recent studies suggest that other aspects of function are as important for visual performance. We demonstrate that high-altitude amino acid variants significantly accelerate RH1 kinetics. These results suggest that the activity-stability tradeoff characterized in cold-adapted enzymes also affects adaptation of signaling proteins through similar molecular mechanisms.
ectotherms exposed to small changes in temperature (20) . These kinetic processes are therefore sensitive to temperature changes highly similar to those over which cold adaptation in ectotherm enzymes has repeatedly occurred (11) , suggesting that there may be selection for cold adaptation in rhodopsin within species historically exposed to relatively small temperature changes. Furthermore, because some of the largest shifts in rhodopsin kinetics (26, 27) are mediated by substitutions to conserved GPCR HBNs (32) , it is possible that cold adaptation in enzymes and GPCRs may also proceed through similar molecular mechanisms.
Natural variation in rhodopsin spectral tuning has substantially advanced our understanding of the evolutionary forces shaping protein function and adaptation (12, 37, 38) . Comparatively, functional studies seldom examine rhodopsin stability through an evolutionary lens (28, 34) . This is likely in part because of the caveat that investigating rhodopsin cold adaptation in natural systems may be confounded by differences in environment. Naturally occurring habitat transitions may also be accompanied by other, concurrent, selective pressures on rhodopsin function, such as changes in light spectra (12, 13, 28) , pressure (39, 40) , and temperature (34) . To disentangle such effects from other aspects of rhodopsin function, we selected a system that maximized consistency across ambient spectral environments. Armored catfish native to high-altitude environments in the Andes inhabit single mountain drainages that can span over 4,000 vertical meters (41) (42) (43) , introducing drainage-specific populations to wide temperature ranges (42, 44) but fast-flowing clear mountainous streams (45) . Indeed, temperature is likely a primary determinant of the nocturnal high-altitude specialist's (Astroblepus) geographical distribution (46) , which-unlike the closely related generalist Ancistrus-is constrained to high altitudes, likely because of temperature-related physiological constraints (42, 43, 46) . Little is known of the molecular adaptations these fishes may have evolved in response to the decreased temperatures associated with a highaltitude lifestyle. The range of temperatures inhabited by these two genera (Ancistrus and Astroblepus) of low-and high-altitude catfish (from <10°C to >25°C) (42) presents an ideal opportunity to investigate the relationship between rhodopsin function and temperature in an evolutionary framework.
We hypothesized that rhodopsin in high-altitude Andean specialists has adapted to cold temperatures by increasing kinetic rates, specifically the spontaneous thermal-and light-activated [Metarhodopsin II (MII)] decay rates of rhodopsin, two kinetic processes of direct relevance to organismal visual sensitivity (20, 35, 36) . We sequenced the rhodopsin gene (rh1) from catfish inhabiting a range of altitudes, and combined molecular evolutionary analyses with site-directed mutagenesis experiments to test for cold adaptation in this protein. We found that highaltitude catfish rhodopsin had unique natural variants located in important structural domains known to mediate rhodopsin kinetics, and that these amino acid sites were under positive selection in high-altitude lineages. We generated rhodopsin mutants containing these variants, determining thermal-and light-activated decay rates in vitro. When mutated, these high-altitude variants produced a substantial acceleration of the spontaneous thermaland light-activated decay rates of rhodopsin, supporting the role of these kinetic processes in the cold adaptation of rhodopsin.
Results

High-Altitude Variants Are Near Important Structural Motifs Controlling
Rhodopsin Kinetics. In a series of collection trips to high-altitude Andean drainages in Bolivia, Ecuador, and Peru, we collected fish specimens from altitudes ranging up to 2,800 m above sea level (masl) (SI Appendix, Table S9 ). Using genomic DNA extracted from muscle tissues, we generated an alignment of catfish rhodopsin coding-sequences (rh1) from two Andean clades representing Astroblepus, a high-altitude specialist catfish, and Ancistrus, a generalist constrained to lower altitudes. This rh1 dataset reflected a range of altitudes (40-2,810 masl) (SI Appendix, Table S9 ) and consequent temperatures (14-25°C) (42) and was used together with a set of publicly available rh1 sequences representing subtropical/tropical and lowland catfish lineages to infer a maximum likelihood (ML; PhyML) (SI Appendix, Fig. S1 ) and Bayesian (MrBayes) (SI Appendix, Fig. S2 ) gene tree. The Bayesian topology and branch lengths were used for additional analyses.
We predicted that high-altitude catfish rhodopsin may display unique natural variants near important structural domains mediating rhodopsin kinetics, similar to what has been found in many cold-adapted enzymes (10, 11) . We identified two unusual single amino acid substitutions (L59Q, M288L), which repeatedly occur in different lineages of the high-altitude specialist Astroblepus (Fig. 1A) . These positions are, to our knowledge, completely conserved in all known vertebrate rhodopsins, consistent with their proximity to the retinal binding pocket (RBP; site 288) and the NPxxY motif (site 59): two distinct hubs of the same intramolecular HBN stabilizing inactive and active rhodopsin (27, (47) (48) (49) . To better understand what ecological factors may be driving substitutions at these highly conserved positions, we investigated the geographical distribution of natural variation at these positions across the Andean collection sites. We found that within our Astroblepus dataset, natural variation at sites 59 and 288 only occurred within populations from southern Peru (Fig. 1B) , which represents both the highest altitudes from which specimens were collected (SI Appendix, Table S9 ), as well as the region where Astroblepus is believed to have been exposed to high altitudes for the longest period of time (50) (51) (52) . These observations suggest that within high-altitude specialist rhodopsin, ecological conditions specific to high altitudes have changed the otherwise strongly maintained functional constraints at sites 59 and 288.
We investigated whether these functional constraints were shifting at high altitudes by searching for commensurate shifts in selective constraint (53) . We searched for evidence of positive selection, which unlike relaxed selection, is consistent with adaptation in response to shifting functional constraints (53) (54) (55) (56) . We used multiple models of molecular evolution (57, 58) to estimate the selective pressures on high-altitude, as well as subtropical/ tropical lowland catfish rh1, which revealed distinct selection pressures on all three catfish groups (SI Appendix, Tables S1 and  S2 ). There was no evidence of positive selection in lowland rh1; however, there was robust support for a positively selected class of nonoverlapping sites in the rh1 of the high-altitude specialist (Astroblepus) and the altitude-generalist (Ancistrus) (SI Appendix, Tables S1 and S2 ). Further evolutionary model testing (59, 60) revealed significant evidence that only on the rh1 of the highaltitude specialist (Astroblepus) had the selective constraints significantly changed relative to lowland rh1 (SI Appendix, Tables  S3-S5 ). Multiple Bayesian methods (57, 58) predicted with high confidence (SI Appendix, Tables S2 and S4) that these unique selection pressures were specifically targeting sites 59 and 288 in the rh1 of the high-altitude specialist (Fig. 1A) , consistent with adaptation in response to shifting functional constraints.
to organismal visual sensitivity (20, 35, 36) . We tested this experimentally using the prototypical class A GPCR model, bovine (Bos taurus) rhodopsin, because it is well characterized and allows interpretation of the functional results within well-resolved crystal structures (62) (63) (64) . We performed site-directed mutagenesis to alter WT residues to natural variants in Astroblepus, to explore the importance of these sites to rhodopsin function. WT rhodopsin, along with L59Q and M288L mutants, were expressed in HEK293T cells, regenerated with 11-cis-retinal, and immunoaffinity purified.
We monitored all-trans-retinal release in rhodopsin following photoactivation at 20°C using a fluorescence assay (SI Appendix), a reliable method for tracking MII decay (16) . The half-life value of retinal release for WT RH1 was 15.0 ± 0.2 min (Fig. 2 A  and B) , consistent with previously published results (16, 28) . However, the half-life values of rhodopsin mutants with substitutions at positively and divergently selected sites, L59Q and M288L, were both significantly shorter at 9.2 ± 0.3 and 8.4 ± 0.6 min, respectively (Fig. 2 A and B) . We also measured the thermal decay of dark-state WT rhodopsin and the mutant pigments to see if these mutations would affect the stability of the dark-state against spontaneous thermal activation. This was accomplished by monitoring the decrease of absorption at darkstate λ MAX while incubating at 53.5°C (Fig. 2C) , a process caused by a combination of thermal isomerization and spontaneous hydrolysis of the Schiff base linkage (65) . For WT RH1, the half-life of thermal decay was 16.4 min (Fig. 2D) . For the rhodopsin mutants containing high-altitude amino acid variants, the results were similar to the retinal release experiment, with L59Q and M288L having shorter half-life values (4.8 and 5.2 min, respectively) (Fig.  2D) . Taken together, these results suggest that natural variation at positively selected rhodopsin sites in the high-altitude specialist, Astroblepus, may promote increased kinetic rates as a response to the colder temperatures found at high altitudes.
We next explored whether sites containing high-altitude variants could be under positive selection as a result of putative spectral shifts at high altitude, especially because changes in λ MAX tend to be linked with rhodopsin kinetic rates (14, 17, 34) . We measured the dark-state λ MAX of WT and mutant rhodopsins, finding that WT rhodopsin produced a λ MAX of 498.6 nm ± 0.2, similar to previously published results (23) (Fig. 2E and SI Appendix, Table S8 ). Interestingly, L59Q produced no significant spectral shifts relative to WT, whereas M288L resulted in a blue-shift to 494.0 nm ± 0.4 (Fig.  2 F and G and SI Appendix, Table S8 ). Both natural variants therefore accelerate rhodopsin dark-and light-activated kinetic rates, whereas only one shifts spectral sensitivity. This finding is consistent with the structural locations of both substitutions (Fig. 3) , where both are proximal to the same intramolecular HBN controlling rhodopsin kinetics, but only site 288 is involved in the section surrounding the RBP (23, 49, 66, 67) (Fig. 3A) .
Discussion
Using both computational and experimental methods, we tested for functional adaptation in high-altitude catfish (Astroblepus) rhodopsin. We found that unique high-altitude amino acid variants occurring at sites under positive selection are near important rhodopsin functional motifs maintaining the stability of ligandbound RH1 in the dark-and light-activated states. Substituting natural high-altitude amino acid variants at these sites (L59Q or M288L) into rhodopsin produced pigments with accelerated darkstate and light-activated decay rates relative to a control pigment. Here, we discuss our results in the context of rhodopsin structure and function, and protein cold adaptation.
High-Altitude Variants Likely Modify Kinetic Properties of RH1 Through
Alterations to Interconnected HBNs. The ground-state inactivity of dark-state rhodopsin and the stability of light-activated rhodopsin are maintained in part by the HBN surrounding the chromophore (23, 66) and the tight conformation of the RBP (63) (Fig. 3A) . Site 288 was under positive selection, and is located within 8 and 9 Å of the chromophore in the dark-state and MII crystal structures, respectively (62, 63) . Given that the Astroblepus substitution, M288L, removes a sulfur atom while introducing a side chain with increased branching into the highly ordered configuration of the RBP, the resulting steric effects may severely alter the conformation of the RBP and the interactions of the surrounding HBN (63) (Fig. 3) . Through interactions with water molecules, RBP HBN-participating residues stabilize both the dark-state and lightactivated (MII) forms of rhodopsin, likely through interactions with the Schiff-base and counter ion (E113), where mutations to RBP HBN residues accelerate kinetic rates and tend also to blue-shift peak absorbance (23, 62, 63, 65, 66) . Although previous evidence suggested the proximity of site 288 to functional RBP water molecules involved in photoactivation (68, 69) , the exact functional role of site 288 in the RBP HBN and rhodopsin activation had not been directly investigated until recently (49) . Our M288L rhodopsin functional results lend further support to the involvement of site 288 in the RBP HBN and steric organization.
Although they are located in opposite regions of the protein, the RBP HBN is connected to the HBNs of the NPxxY motif through intramolecular waters and interacting residues (27, 63, 67, 68, 70) . Site 59 is directly adjacent to several of these interacting residues (Fig. 3B) . L59 is within 6 Å of N55 in both darkstate and light-activated crystal structures (62, 63) , a residue that forms a hydrogen bond with D83 (71, 72) , which mediates the kinetics of rhodopsin light-activation (26, 33) and forms an HBN with N302 of the NPxxY (47). Although L59 is within 8 Å of Y306 of the NPxxY motif (63) , it is directly adjacent to site 58, which was recently identified as a conserved GPCR element interacting with Y306 (48), forming part of a motif stabilizing the rhodopsin dark-state structure (47, 67) . The Astroblepus L59Q substitution replaces a hydrophobic residue with a polar residue into a membrane-facing site, and thus may be indirectly perturbing the geometry of these nearby HBNs, resulting in our observed increases in dark-state and light-activated rhodopsin decay rates. Our findings that L59Q and M288L both significantly increase the decay-rates of light-activated rhodopsin, while also decreasing the stability of dark-state rhodopsin against thermal activation, are consistent with the emerging theory that distinct hubs of the rhodopsin HBN have interconnected roles in modulating the kinetic properties of rhodopsin and other GPCRs (47, 49, 65) .
Evolution of Cold Adaptation in High-Altitude Rhodopsin. Natural high-altitude variants occurring at sites under positive selection in Astroblepus dramatically accelerated the spontaneous thermaland light-activated decay rates of rhodopsin, two distinct kinetic processes of direct relevance to rod photosensitivity, considered evolutionary innovations to dim light (17, 19-21, 35, 36) . The spontaneous thermal activation of rhodopsin produces dark noise events, which decrease the sensitivity of rod photoreceptors, leading to worsening visual performance as temperature increases (20, 21, (73) (74) (75) . The signal-to-noise ratio of rods relative to cones (20, 73, 74 ) is in part a result of the remarkable stability of rhodopsin against spontaneous thermal activation, an evolved scotopic adaptation (14, 23, 65, 76) . Another molecular adaptation is the high signal amplification of light-activated rhodopsin (MII), which can activate hundreds of G transducin molecules per second (21, 77) . Cone opsin MII decay rates are hundreds of times faster than rhodopsin MII, a consistent trend across species and cone opsin types (78) , and functional evidence strongly suggests that the longer MII lifetime in rhodopsin relative to cone opsins (17, 78) promotes enhanced visual performance in dim-light environments (25, 33, 35) . Our results suggest that both thermal-and light-activated decay rates are being modulated in response to temperature, in contrast to many cases where rhodopsin spectral sensitivity is shifted in response to photic environment (12, 13, 37) .
Astroblepus is physiologically limited to high altitudes and cold temperatures, and is a predominantly nocturnal benthic feeder, strongly suggesting a dependence on rod-mediated scotopic vision (42, 46) . Although the spectral composition of ambient light changes as altitude increases, this is mostly because of an increase in the UV at high altitudes (4), which falls outside the spectral sensitivity of rhodopsin, and absorption overlapping with rhodopsin sensitivity as a result of changes in atmospheric gases (i.e., ozone) appears to have minor effects on overall light attenuation between high and low altitudes (79, 80) . This finding suggests that the changes in rhodopsin kinetics we describe here are not likely caused by spectral differences at high altitudes, because we examined drainage-specific Astroblepus populations found in clear mountain streams (41, 45) . In contrast, temperature decreases (16-10°C) well within the range of those in the Astroblepus/Ancistrus study system (<10°C vs. >25°C at sea level) (42) directly affect rhodopsin-mediated visual performance in ectotherms (20) . This finding is consistent with our functional results, where the only unique high-altitude substitution shifting rhodopsin spectral sensitivity (M288L) occurs in the RBP HBN: a functional domain that has likely evolved to maintain rhodopsin dark-and light-state stability, but produces blue-shifts when mutated (23, 34, 66) . To our knowledge, RBP HBN residues have not been otherwise targeted by natural selection as spectral tuning sites (12, 13, 37) , likely because of their status as important regulators of rhodopsin kinetic rates.
The acceleration of rhodopsin kinetic rates in response to cold temperatures is highly consistent with many studies of cold-adapted psychrophilic enzymes, which-unlike thermophilic enzymes (81)-exhibit a trade-off between activity and stability, with decreasing stability improving activity relative to thermostable homologs at low temperatures (10, 82) . Functional adaptations change the selective constraints acting on protein-coding genes (53), with site-specific selective pressures, such as positive selection capable of driving adaptive amino acid substitutions changing protein function in response to environmental variables (54, 55) . This finding contrasts with a release of selective constraint, which indicates a relaxation of certain protein functional constraints (53) . Unlike blind cavedwelling fishes, where selective constraint on rh1 has been lost (56) , rh1 in the high-altitude specialist Astroblepus is under strong positive selection, consistent with adaptation in response to changing functional constraints, such as temperature (53) . Positive selection on sites containing rare natural variants, which accelerate the important kinetic properties of rhodopsin underlying rod photosensitivity, may therefore improve visual performance in cold high-altitude environments, where the reaction rates of rhodopsin functions are likely to be slowed relative to lowland environments (10, 82) . Our results bear striking similarity to the molecular mechanisms of cold adaptation in teleost fish enzymes, such as A 4 -LDH, where protein stability and ligand-binding affinity are decreased by alterations to intramolecular hydrogen bonds through single amino acid substitutions in solvent-facing regions where conformational shifts occur (11) . The molecular mechanisms of cold adaptation, combined with the importance and temperature sensitivity of rhodopsin kinetics, likely explains why natural variants on the periphery of HBNs controlling rhodopsin dark-and light-activated stability are under positive selection in an ectotherm specialized to high altitudes. This study provides evidence consistent with cold adaptation in a GPCR, and suggests that across different proteins, cold adaptation may proceed through similar mechanisms.
Materials and Methods
Also see SI Appendix for detailed descriptions.
Animals. Fish specimens were collected from altitudes ranging from 40 masl to >2,800 masl, with consequent temperatures ranging from 14-25°C, during expeditions to Bolivia (2011), Ecuador (2012), Guyana (2009), Peru (2010), and Trinidad (2010) (SI Appendix, Table S9 ). All fish specimens were killed after capture via overdose of clove oil, following approved Texas A&M University Institutional Animal Care and Use Committee guidelines. Subsamples of either fin or muscle tissue were dissected and preserved in 95% EtOH for genetic analysis, whereas whole voucher specimens were fixed in formalin, preserved in 70% EtOH.
Phylogenetic and Molecular Evolutionary Analyses. Partial rh1 and act coding sequences were sequenced from genomic DNA extracted from the collected loricarioid catfish (including Astroblepus and Ancistrus genera) specimens using standard PCR-and Sanger-sequencing procedures (SI Appendix). Additional rh1 coding sequences and partial loricarioid cytb coding sequences were also obtained from GenBank, and some cytb coding sequences from a previous study (83) . All coding sequences were aligned to produce rh1, act, and cytb phylogenetic datasets with gene trees estimated using ML and Bayesian methods (SI Appendix). In the rh1 trees, the topologies of the Astroblepus and Ancistrus clades were identical after clades with low support (<50% aLRT SH-like) were collapsed in the ML tree. Phylogenetic datasets were analyzed using PAML (58), the FUBAR model of HYPHY (57) , and DIVERGE 3 (60) (SI Appendix).
Rhodopsin Expression and Spectroscopic Assays. WT rhodopsin, along with L59Q and M288L mutants, were expressed in HEK293T cells, regenerated with 11-cis-retinal, and immunoaffinity purified essentially as previously described (28) (SI Appendix). MII decay was monitored using a fluorescence assay (Cary Eclipse; Agilent) tracking the release of all-trans-retinal in rhodopsin following photoactivation at 20°C (16) (SI Appendix). Thermal decay of WT and mutant bovine rhodopsin was recorded at 53.5°C as the decrease of absorbance at λ MAX using a Cary 4000 double-beam spectrophotometer (Agilent), with data collected every 5 min for 2 h (SI Appendix).
